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I.  Introduction 

The  topic  of  research  has  been  the  Coulomb  Blockade  (CB)  as  observed  in  cryogenic 
Scanning  Tunneling  Microscopy  using  a  voltage  biased  tip.  The  basic  Coulomb  Blockade 
effect  is  the  freezing  out  of  stepwise  hopping  conduction  of  electrons  through  sites  where 
the  classical  Coulomb  energy,  e“/2C,  for  site  occupation,  is  unavailable  both  thermally  and 
from  the  bias  source.  In  our  experiments  the  blocked  sites  reside  on  small  metallic  particles 
deposited  on,  but  slightly  decoupled  from,  the  underlying  metallic  or  superconducting 
substrate. 

A  single  tunnel  junction  with  very  small  capacitance  C  under  current  bias  at  low 
temperature  has  been  shown  in  the  theory  of  Averin  and  Likharev  [1]  to  exhibit  a  smooth 
Coulomb  Blockade  (CB)  I(V).  Here  I  is  quadratic  in  V,  the  time  average  junction  voltage, 
below  the  classical  Coulomb  charging  threshold  for  one  electron,  V^-e/lC,  with  a  linear 
I(V)  at  higher  voltages.  In  the  blockade  regime,  V  <  <  V^,  currenf  limited  tunneling  of 
single  electrons  across  the  junction  is  nearly  periodic,  with  period  e/I.  The  instantaneous 
junction  voltage  varies  linearly  between  +/-  e/2C  interrupted  at  time  e/I  by  an  abrupt 
electron  tunneling  event.  In  this  single  junction  case,  only  strict  current  bias  will  allow 
observation. 


Although  reports  of  STM-based  experimental  observations  have  been  given,  these  may 
inadvertently  have  involved  a  small  particle,  making  the  configuration  in  fact  a  double 
junction,  series  connected.  Microlithographically  formed  structures  are  more  credible  in 
achieving  the  conditions  for  observation  of  the  single  junction  Coulomb  Blockade  ca.se. 
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However,  the  larger  size  of  the  available  lines  makes  the  temperature  scale  necessarily  much 
lower  than  the  IK  range  adequate  for  STM  based  work. 


The  double  junction  case,  studied  with  an  STM,  is  the  subject  of  the  supported  research. 
The  series  connection  of  two  small  capacitance  tunnel  junctions  under  voltage  bias  (double 
junction  case)  leads  to  the  "Coulomb  Staircase"  1(V).  This  case  was  first  analyzed  by  Giaever 
and  Zeller  [2],  who  studied  I(V)  of  a  tunneling  capacitor  whose  dielectric  was  embedded 
with  small  metal  particles.  ITie  Giaever-Zeller  data,  which  did  not  actually  reveal  the 
staircase,  was  fit  as  the  sum  of  parallel  currents,  the  I(V)  through  each  particle  exhibiting 
steps  of  spacing  e/C.  Each  particle  corresponds  to  series  connection  of  two  small  tunnel 
capacitances;  the  nth  step  gives  average  occupation  of  n  surplus  electrons  on  the  inner 
electrodes  (small  particle). 

This  case  was  also  studied  experimentally  in  conventional  tunnel  junctions  by  Barner 
and  Ruggiero  [3],  who  resolved  the  staircase  even  in  the  parallel  array;  by  van  Bentum  ei 
al  [4],  and  by  Wilkins  et  al  [5]  with  an  STM  tip  to  tunnel  into  individual  Sn  particles 
deposited  upon  a  slightly  oxidized  Al  surface.  Prominent  steps  were  observed  [7]  whose 
spacing  was  interpreted  as  e/C  where  C  is  the  larger  of  the  two  capacitances  of  drop  to  tip 
and  sample,  and  corresponds  also  to  the  junction  of  larger  R.  Shunting  lead  capacitances 
do  not  cause  a  problem  in  this  case,  since  a  genuinely  small  capacitance  on  order  10’'^  F 
exists  between  the  particle  and  its  surroundings. 

II.  Experiments 

Our  STM  based  studies  of  the  CB  involved  a  mesoscopic  lOOA  evaporated  particle, 
usually  gold,  evaporated  upon,  but  slightly  decoupled  from,  a  conducting  substrate.  Electrons 
hop  (tunnel)  from  the  tip  to  the  particle  and  later  hop  to  the  substrate.  The  two  junctions 
formed  have  exceedingly  small  capacitances,  on  the  order  of  F,  by  the  small  size  of  the 
particle.  This  configuration  leads  to  the  "Coulomb  Staircase"  form  of  I(V)  characteristic, 
clearly  observed  directly  in  plots  of  the  I-V  curves.  The  basic  voltage  spacing  of  the  steps 
is  e/C,  where  C  is  related  to  the  tip-particle,  and  particle-substrate  capacitances.  In  f)iir 
work  the  field  of  particles  was  observed  using  the  STM  in  the  topographic  mode,  and 
detailed  measurements  of  the  I(V)  curves  with  the  STM  tip  at  varying  heights  above  the 
particle  were  acquired. 

The  STM  is  a  single  piezo  tube  scanner  [6]  with  tip  and  sample  in  liquid  helium.  The  design 
has  been  modified  to  improve  thermal  compensation  and  the  unit  is  mounted  in  an  acoustic 
chamber  on  an  air  suspension. 

To  produce  the  small  particles,  extremely  thin  films  of  99.998%  gold  were  evaporated  from 
a  Ta  boat  at  1X10'^  torr  onto  freshly  cleaved  samples  of  the  high  temperature  Bi  2212 
superconductor,  or  onto  gold  films  pre-  evaporated  onto  mica  in  thermal  contact  with  a 
copper  heat  sink  at  room  temperature.  The  evaporation  rate  was  10-15  A  per  second  and 
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the  thickness  of  the  Au  film  was  typically  7000  A  (for  a  base  film)  or  10  A  (to  produce 
particles),  as  measured  by  a  quartz  microbalance.  STM  topographs  show  grains  of  several 
hundred  A  size  on  which  atomic  steps  and  terraces  are  occasionally  observed.  The  Au  films 
had  been  exposed  to  air  for  periods  ranging  from  hours  to  days,  while  the  Bi  2212  samples 
were  freshly  prepared  by  cleaving  (peeling). 

W  tips  were  made  by  electrochemically  etching  0.25mm  diameter  W  wires  at  10  V' 
DC  in  10%  KOH  solution  using  a  1/8  inch  diameter  loop  of  stainless  steel  wire  as 
counterelectrode.  The  W  tips  were  rinsed  in  water  and  acetone  after  etching,  immediately 
prior  to  the  experiment. 

III.  Results 

In  an  initial  study  of  Au  films  without  intentionally  deposited  small  particles,  most 
of  the  I-V  data  were  linear.  Therefore  we  searched  for  the  infrequent  Coulomb  Blockade 
I(V)  curves  in  raster  scans  of  10"*  points,  in  a  2000  A  square  on  the  Au  surface.  At  each 
raster  point,  I-V  curves  were  acquired  at  5  different  current  levels  (tip-sample  spacings).  At 
an  initial  tip  bias  Vq  (typically  300  mV),  with  current  fb<ed  at  the  desired  initial  level  by  the 
feedback,  the  servo  is  disabled,  and  V  swept  linearly  to  -Vq  and  return,  acquiring  100  I(V|). 
In  some  cases  the  process  was  repeated  at  the  same  raster  location,  after  restabilization  of 
the  tip  height  to  I(Vq).  One  run  takes  3-4  hours.  The  data  file  created  in  a  typical  raster 
scan,  about  20  megabytes,  includes  a  100X100  topography  matrix,  with  5  1-V  curves  (200 
points  each)  for  each  raster  point.  In  some  cases  nonlinear  l(V)’s  were  studied  under 
manual  control  at  more  than  5  tip-sample  spacings. 

In  other  cases,  especially  using  the  Bi  2212  superconductor  as  substrate,  the  tip  was  located 
at  a  point  on  the  sample  where  the  staircase  I(V)  was  observed,  and  then  a  computer- 
controlled  measurement  process  was  used  wherein  50  different  tip  heights  were  scheduled, 
and  at  each  tip  height  (corresponding  to  a  distinct  tip-particle  capacitance)  more  then  5  1(  V) 
curves  were  acquired  for  later  analysis. 

The  most  interesting  new  observation  from  our  work  was  that  the  tip-particle  spacing, 
expected  vary  the  related  capacitance,  also  caused  the  "Coulomb  Staircase"  pattern  to  shift 
along  the  voltage  axis.  The  interpretation  of  this  is  that  the  non-integer  residual  charge  on 
the  particle  is  being  controlled  by  the  tip  spacing.  It  was  found  that  a  retisonable  difference 
between  the  work  function  of  the  tip  and  of  the  small  particle  could  account  for  the 
observed  shifts.  An  algorithm  was  developed  to  model  the  data  obtained,  and  from  this  it 
was  also  possible  to  determine  the  superconducting  energy  gap  of  the  underlying  Bi  2212 
superconductor.  This  work  was  presented  orally  at  the  International  STM  Conference  and 
was  published  [PI]  in  the  Proceedings  of  that  Conference.  A  more  complete  version  of  the 
work  was  published  [P2]  in  the  IEEE  Transactions  on  Magnetics.  TTie  work  was  also 
presented  at  the  March  1991  APS  Meeting  in  Cincinnati  OH  fP3]. 


3 


SUMMARY 


▼ 


In  summary,  capacitive  control  of  the  residual  non-integer  electric  charge  on  a 
mesoscopic  conductor  has  been  demonstrated  by  vaiying  the  spacing  of  an  STM  tip, 
presumed  to  have  a  different  work  function  than  the  mesoscopic  conductor.  The 
demonstrated  resolution  of  this  control  is  on  the  order  of  e/10€,  or  1.6  x  10'^*  Uoulomh. 
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APPENDIX:  The  Publications  1,2  listed  above  are  appended. 
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